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Abstrat
Moleular dynamis studies within a oarse-grained struture based model were used
on two similar proteins belonging to the transarbamylase family to probe the eets
in the native struture of a knot. The rst protein, N-aetylornithine transarbamylase,
ontains no knot whereas human ormithine transarbamylase ontains a trefoil knot loated
deep within the sequene. In addition, we also analyzed a modied transferase with the
knot removed by the appropriate hange of a knot-making rossing of the protein hain.
The studies of thermally- and mehanially-indued unfolding proesses suggest a larger
intrinsi stability of the protein with the knot.
knots | proteins | fore-indued strething | moleular dynamis | AFM
1
1 Introdution
After the rst disovery of knotted proteins [1℄, onsiderable attention has been devoted
to the identiation of the types of knots that are present in the protein struture base [2, 3℄.
One interesting sublass identied ontains more subtle topologial ongurations alled
slipknotted proteins [4℄. While struture-based analysis are beome inreasingly available,
there are few studies desribing the dynamial properties of knotted proteins. Simulations
of the folding of the small knotted protein 1j85, ombined with experimental results [6, 7℄
led Wallin et al. [5℄ to propose that non-native ontat interations are neessary to fold
a protein into a topologially non-trivial onformation. Interestingly, in studies of the
tightening of knots under strething at onstant veloity the knots were found to jump
between a set of harateristi sites, typially endowed with a large urvature, before
arriving at the nal fully tightened onformation [8℄. These results are in diret ontrast
to the well studied ase of knots in homopolymers whih tend to diuse smoothly along
the hain and then eventually slide o [9℄.
It remains unlear whether knots are responsible for any biologial funtions or just o-
ur aidentally. One noteworthy suggestion posed is that they provide additional stability
neessary for maintaining the global fold and funtion under harsh onditions[3℄. Indeed,
RNA methylotransferase derived from thermophili bateria appears to require knots for
optimal funtion [10℄. Consistent with the funtional hypothesis, knots are usually found
within atalyti domains of enzymes [3℄. Sometimes they enompass ative sites [3℄ where
additional stability or rigidity ould enhane atalysis when substrates are bound [2, 3℄.
Thus it is important to understand how the presene of a knot may inuene the
properties and behavior of proteins in solution. In this paper, we onsider three proteins
within the same superfamily whih are almost idential and dier by the presene or
absene of a topologial knot. Two of the proteins are N-aetylornithine transarbamylase
AOTase (the PDB ode 1yh1) and ormithine transarbamylase OTCase (19y) where
the former has a knot [2℄ and the latter does not ontain this topologial feature. The
third struture is a syntheti onstrut made from 1yh1 by redireting the bakbone so
that the knot is removed. This system will be referred to as 1yh1
∗
. We fous on thermal
and mehanial unfolding proesses in these systems and ompare the properties of these
proteins in silio within a struture-based oarse-grained model as implemented in [11,
12, 13℄. In partiular, we onsider AFM-imposed strething at onstant veloity and at
onstant fore and determine the harateristi times for the thermal unfolding and the
folding temperature. In all ases, the knotted protein is more stable to unfolding. We
ompare these results with those observed for the sidehain disulphide bridged knots.
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2 The proteins studied
The proteins 1yh1 (disussed in [15℄) and 19y (disussed in [16℄) belong to the tran-
sarbamylase superfamily whih is essential for arginine biosyntesis [17℄. The strutures
are nearly idential exept that 1yh1 ontains a knot in its native struture whereas 19y
does not [2℄. The presene or absene of the knot seems to be responsible for the observed
dierenes in enzymati properties of the two proteins.
Both proteins 1yh1 and 19y omprise two main β domains denoted as a and b, linked
by the two interdomain helies (Figure 1). The "weaving pattern" in domain b is the
strutural feature that distinguishes the two proteins topologially. The a domain in 1yh1
inorporates β strands A(40-45), B(66-70), C(79-80), D(93-94), and E(108-112) whereas
the b domain  strands G(172-177), I(202-206), K(232-236), L(248-252), and M(290-292)
whih reate two main β sheets. Both β sheets are surrounded by many α helies. Strands
C and D are quite short, but they reate an extended loop around site 80, denoted the
80's loop, whih is shorter in 19y where strands C and D are missing altogether.
The sequential positions at whih the knot begins and terminates are denoted by n1 and
n2. These positions are determined by the KMT algorithm (see Materials and Methods).
We use this algorithm at every step of our simulations, thereby obtaining the trajetories
of knot's ends in the sequential spae, suh as those shown in the bottom panels of Figure
2. The trefoil knot struture present in 1yh1 extends between amino aids n1=172 and
n2=251 making it a relatively rare example of a "deep" knot sine it is positioned relatively
far from the termini of the protein. The knot enompasses almost the entire domain b,
i.e. four β strands G, K, L, I and two nearby α helies whih we denote by H1 and H2
(also present in 19y). An important strutural dierene between 1yh1 and 19y is the
presene of the proline-rih loop (181-183) in the former, a main building blok for the
knot-making rossing of the protein hain.
The two enzymes, OTCase and AOTCase partiipate, in the arginine biosyntheti
pathway, however, the presene of the knot in AOTase makes the orresponding pathway
distint [18℄. Both proteins ontain two ative sites  the rst binds arbonyl phosphatase
CP whereas the seond site (whih is modied by the knot struture) binds either N-
aetylornithine or L-ornithine, in the ase of 1yh1 and 19y, respetively. The seond
site failitates the hemial reation with arbamyl phosphate to form aetylitrulline or
itrulline, orrespondingly [15, 16℄. We use the notation for the ative sites introdued in
[15, 19℄, as shown in Figure 1. The rst ative site, loated between the two domains, is the
same in the two proteins [15℄. However, in 1yh1 the seond ative site is formed by Glu144
(within the extended 80's loop), Lys252 (from 240's loop), and the proline rih loop (whih
reates the knot). On the other hand, in 19y the seond ative site is loalized near the
240's loop [15, 16℄. Thus the proline rih loop in 1yh1 does not allow the formation of
ontats between a ligand and the 240's loop (whih is possible in 19y) and leads to a
dierent funtional and topologial motif.
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The OTCase pathway shows ordered two substrate binding with large domain move-
ments, whereas in the AOTCase pathway the two substrates are bound independently with
small reordering of the 80's loop, small domain losure around the ative site, and a small
transloation of the 240's loop [18℄. Thus it seems that the knot plays two roles here:
it hanges the environment for the seond substrate N-aetylitrulline binding, and  as
shown in this paper  makes the struture more stable. As a result, the funtional and
thermodynami properties of the fold are aeted by the presene of the knot.
The proteins 1yh1 and 19y have similar numbers of native ontats (as determined
based on the van der Waals radii of heavy atoms [20℄), 943 and 919 respetively, so any
dierenes in properties must arise primarily from rearrangements in onnetivities in the
ontat map .
The folding, thermal and mehanial properties of these two proteins have not been
ompared up to now, mostly beause the struture of AOTCase has not been known until
reently and beause the presene of the knot makes experimental data harder to interpret.
However, some experimental work has been performed on them as detailed in Appendix.
We have also analyzed a modied 1yh1, in whih the knot was removed by reversing the
rossing reated by the parts of the bakbone ontained between amino aids 175-185 and
250-260. The utting and pasting of these two parts of struture was done using all-atom
tehniques desribed in [21, 22℄. The resulting struture 1yh1
∗
has the same unknotted
topology as 19y while it has 14 fewer ontats than the original 1yh1. This proedure
aet the ontat in the viinity of the original knot-making rossings while leave the global
ontat map intat. The idea of rebuilding proteins to test their properties is a familiar
one  another interesting example of suh protein engineering was disussed reently in
[23℄.
3 Resistane to mehanial strething
One way to probe the stability of a biomoleule is to perform mehanial manipulations
on it, suh as strething. The orresponding experimental data on the two proteins are
not yet available, thus we have resorted to omputer modeling. We onsider the ase in
whih the termini are onneted to elasti springs. The N-terminal spring is anhored
to a substrate and the C-terminal spring is pulled either at a onstant veloity, vp, or at
onstant fore.
3.1 Strething at onstant veloity
In this mode of manipulation, one monitors the fore of resistane to pulling, F , as a
funtion of the pulling spring displaement, d. We usually take vp=0.005 Å /τ whih is
about 100 times faster than typial experimental speeds. Results obtained for vp=0.001
Å /τ are found to be similar. In the absene of thermal utuations a single unfolding
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trajetory is followed. At nite temperatures, however, dierenes between various traje-
tories arise. Usually, these dierenes are small. Suh is the ase for the unknotted 19y
for whih a typial F (d) trajetory is shown in the rightmost panel of Figure 2. However,
for 1yh1 we identify two distint pathways. The major pathway is shown in the middle
panel of Figure 2 and the alternative pathway in the leftmost panel. In fat, that pathway
is quite rare: it has been found just one in fty trajetories. The loations of the knot
ends during strething are displayed in the lower regions of the two panels. The immediate
onlusion is that the knotted protein 1yh1 is typially more resistant to strething than
19y sine the maximum fore peak, Fmax, is about 3.3 ompared to 2.6 ǫ/Å (2.9 and 1.7
ǫ/Å for vp = 0.001 Å/τ), with the energy sale ǫ as dened in the Materials and Methods.
It is only for the rare trajetory that the values of Fmax for the two proteins are nearly the
same, but even then the unfolding pathways are distint as evidened in Table I. Based on
the data presented in ref. [24, 14℄, the unit of fore, ǫ/Å, used here should be of order of 70
pN. There are unertainties in this estimate (of order 30pN), but the important observation
is that we ompare similar proteins with a similar eetive value of the ǫ.
Table I shows that the unravelling of both proteins proeeds along dierent pathways.
Unfolding of the unknotted 19y starts from domain b (whih is stabilized by the knot in
1yh1) and one this domain is fully unravelled the unwinding of domain a follows. In the
knotted 1yh1 also the domain b begins to unfold rst. However, in the typial pathway,
its unfolding stops relatively soon, just after the strands L and M are pulled apart sine
the next step would disarrange the knot. Instead, the domain a is unfolded rst, and only
then the proess of knot tightening begins.
We note that the rst broad peak for eah trajetory from Figure 2 orresponds to the
shearing motion between two domains, whih are onneted by two alpha helies. It has
been established experimentally [18℄ that the interdomain interations in 1yh1 are slightly
stronger than in 19y and are mainly hydrophobi, whih is onsistent with our observation
that the rst peak in 1yh1 is higher than in 19y. Also the origin of the main fore peak is
dierent in the two proteins: in 1yh1 (typial pathway) it oinides with knot tightening
within domain b, whih is aompanied by shearing of the β strands G+I, G+L, I+K.
In ontrast, in 19y the main peak is assoiated with shearing the β strands A+B, A+E
within domain a. On the other hand, the rare unfolding pathway of 1yh1 shares many
features with that of 19y. Nonetheless, due to the presene of the knot, pulling the strands
in domain b apart involves a higher fore than in 19y (where the b-domain related peaks
appear at distanes 400-700 Å).
We now onsider onstant speed strething of the syntheti protein 1yh1
∗
. Two alter-
native strething pathways are also observed in this ase, as shown in Figure 3. The typial
pathway (8 out of 10 trajetories) yields Fmax of just below 2.5 ǫ/Å whih is smaller than
Fmax for the typial pathway in 1yh1 by ∼ 0.5 ǫ/Å. The minor pathway yields Fmax whih
is smaller by ∼ 0.2 ǫ/Å than the orresponding value in 1yh1. This lowering in the value
of Fmax learly points to the dynamial signiane of the knot. In the typial ase, the
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unfolding proess is found to proeed in the same way as in the unknotted 19y: domain
b unfolds rst, followed by a. On the other hand, in the alternative trajetory, domain b
rst unfolds partially, then omplete unfolding of a follows, and only then unravelling of b
is ompleted. This pathway is analogous to the typial unfolding of the original knotted
1yh1. However, it is the unfolding of domain a (and not b) whih is responsible for the
main fore peak in 1yh1*. The orresponding value of Fmax ≃ 2.4ǫ/Å is lose to the Fmax
observed for the unknotted 19y (where it also arises from unfolding of domain a). All
of these observations indiate that the dynamial dierenes between 1yh1 and 19y an
indeed be attributed to the presene or absene of a knot in the former.
We now disuss the proess of knot tightening and fous on the knotted 1yh1. Similar
to what has been found in other proteins with knots [8℄, the knot ends in 1yh1 make sudden
jumps to seleted metastable positions. Figure 2 shows that those jumps are orrelated
with the fore peaks orresponding to unfolding events in domain b. In the typial ase
(the left panel), the knot moves to one of the metastable plaes at d ∼ 1000 Å (where
F beomes Fmax), whih is followed by tightening of the knot, usually in two additional
steps. As shown in [8℄ the set of possible sites at whih an end may land orresponds to
the sharp turns in the bakbone (usually with proline or glyine). In our ase, the sites
Gly-200, Pro-210 and Gly-230 are found to be the most likely hoies. It is interesting to
note that for the rare pathway in the set of possible sites at whih an end 1yh1 (middle
bottom panel in Figure 2), the knot rst moves from the native position (172,251) to (Val-
140, Gln-151). The new knot end positions are lose to Pro-139 and Pro-149 whih makes
this loation stable. In proteins omprising less than 151 amino aids, Fmax tends to arise
at the beginning of the strething proess [13℄. Here, however, the proteins are large and
adjust to pulling by rst rotating to failitate unfolding of other parts in their struture,
and only then by unraveling the harder knotted part.
We also analyzed strething of tandem linkages of the proteins. Two proteins 19y
linked together are found to unravel in a serial fashion. This is not the ase, however, for
two domains of 1yh1. When the unfolding proess in one domain reahes the knot region,
the other domain starts to unfold. In the nal stages both knots tighten simultaneously.
3.2 Comparison between the eets of knots and of disulphide
bridges
In the urrent study we demonstrate that knots provide extra mehanial stability to
proteins. Thus, one may think of knots as ating analogously to disulphide bridges between
ysteins. Like knots (with the exeption of a situation in whih pulling unmakes the knot),
the disulphide bridges annot be removed from proteins by strething. However, unlike
knots, they annot slide along the sequene. Furthermore, the bridges an be weakened
through appliation of the reduing agent DTT as in refs. [25, 26℄. As a theoretial
analogue of the ysteine knot-ontaining hormons studied by Vitt et al. [27℄, we onsider a
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hypothetial mutated version 19y in whih amino aids at sites 195 and 265 (one ould also
onsider 194 and 262) are replaed by ysteins. The resulting disulphide bridge linking the
two sites would lose a knot-like loop. The presene of a disulphide bridge an be imitated
by strengthening the amplitude of the Lennard-Jones ontat potential to ǫss = ζǫ. We
onsider ζ = 20 whih makes the bridge essentially indestrutible.
The rightmost panel of Figure 3 shows that the resulting F (d) pattern is quite similar
to the typial trajetory for 1yh1 shown in the left panel exept for a diverging fore peak
towards the end of the proess. One an endow the disulphide bond with more pliany
by reduing ζ to the value of 10 and thus allowing for the ontinuation of the strething
proess (the dotted line in Figure 3). The orresponding sequene of the rupture events
(L+M, followed by A+B, then A+E, then E+F, then G+L, G+I, H1, H2, and nally I+K)
is dierent than any of 1yh1 unfolding pathways ( Table I). However, the order of events
seems losest to the typial trajetory found for 1yh1: partial unwinding of domain b,
followed by unwinding of a and then returning to unravel b. We onlude that even though
the disulphide bridges at dynamially similar to the knots there are also dierenes in the
details.
3.3 Strething at onstant fore
The dynamial dierenes between the knotted and unknotted proteins should also be
visible when performing strething at a onstant fore, F. In this mode of manipulation,
one monitors the end-to-end distane, L, as a funtion of time as illustrated in Figure 4 for
seleted trajetories. In eah trajetory, L varies in steps indiating transitions between a
set of metastable states that depend on the applied fore. For F˜ < 1.7 (where F˜ denotes F
in units of ǫ/Å), domain b in 19y gets unraveled rst while domain a remains intat. One
the system reahes L whih is just above 900 Å, it stays at this extension indenitely. For
larger fores, the b domain also unravels and the ultimate value of L reahed is ∼1200 Å.
The pathways observed for the knotted protein 1yh1 the are rather dierent. For F˜ < 1.7
neither domain a nor b unfolds indiating again the stabilizing role of the knot. It is only
the remaining parts of the struture that unravel leading to the largest L of 600 Å. For
F˜ between 1.7 and 1.9, two pathways are possible. In the rst one, domain a remains
nearly intat while domain b gets unfolded, leading to tightening of the knot and to a
maximum value of L of 950 Å. This situation is analogous to the one found for 19y. In
another pathway, the a domain unfolds rst, but again full extension of the hain is not
ahieved. For F˜ > 1.9 the b domain always is always the rst to unfold. The related
movement of knot's ends are shown in Figure 5. The knot tightening proess looks similar
to the one observed in the rare trajetory for the onstant veloity strething (Figure 2,
middle panel). In this ase, domain a eventually unfolds, leading to full extension of the
hain. For F˜ > 1.9, the senarios of unfolding for 1yh1 and 19y are almost idential
(exept for the breakage of C+D bonds, whih are absent in 19y) and are summarized
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in Table I. However the time intervals between onseutive steps are typially longer for
1yh1, indiating a slower unfolding proess. An analysis of the results of strething with
onstant veloity lead us to expet an interesting behavior for the results for F ≈ Fc=1.7
ǫ/Å, as the values of Fmax (orresponding to domain b) for 19y seen in Figure 2 are muh
lower than Fc, while for 1yh1 some of them are above Fc (both in the typial and rare
trajetories). The harateristi value Fc is indiated in Figure 2 by the horizontal dotted
line. Indeed, for strething with a fore ≥ Fc, we do not observe any steps in the urves
L(t) that are related to peaks 1-4 for 19y (Figure 2, the right panel). On the other hand,
we still observe suh strutures (orresponding to the highest among peaks 1-5 in Figure
2, the left and middle panels) during strething of 1yh1 with F = Fc (and slightly higher).
Suh a behavior is seen in Figure 4 for F =1.9 ǫ/Å.
We also analyzed in detail an example of a onstant fore pathway for 1yh1 for F > 1.9
ǫ/Å (see Figure 5 and Suppl. Mat.) The senarios of events reported here are onsistent
with the prominent role of the sharp strutural turns in the dynamis of knot's ends [8℄. In
partiular, when the knot is tightened, its right end moves aross several pinning enters
omprising the turn between β-strand K and the small helix H2, and the sharp turn at
Pro-210, slowing down at suessive pinning enters. Eah slowing down manifests itself
as aumulation of points along the tilted interval in Figure 5.
So far we have disussed the dierenes between 19y and 1yh1 as seen at the level of
single strething trajetories. These dierenes are also visible after averaging over many
trajetories, as demonstrated in Figure 6. In partiular, we nd that for F˜ = 2.0 (shown
in the bottom panel), whih allows for the full extension in both proteins, 1yh1 takes
longer to unfold than 19y. However, for fores higher than 2.3 ǫ/Å the dierenes in the
averaged trajetories are minor. The top panel shows that in order to math the time sale
of unfolding 19y at F˜ = 1.9 in 1yh1 one has to enhane the value of F˜ to 2.2.
One an quantify the time sales of the fore indued unfolding by determining the
mean time, tunf , needed to break all ontats with a sequential distane |j− i| bigger than
a threshold value lc (a somewhat dierent riterion has been used in ref. [28℄), see also a
related study by Soi et al. [29℄. The smaller the lc, the longer the orresponding tunf .
In pratie, we have found it feasible to take lc = 8. As shown in Fig. 7 the resulting
unfolding times, tunf(F ), are longer for 1yh1 than for 19y, whih is another manifestation
of the higher stability of the knotted protein. The stability of 1yh1 is signiantly redued
upon replaing 1yh1 by its syntheti variant 1yh1
∗
. Figure 7 also indiates the values of
F ∗  a fore above whih the unfolding ommenes instantaneously. Again, F ∗ for 1yh1 is
substantially higher than for 19y and 1yh1
∗
.
4 Thermal stability
We now onsider unfolding via thermal utuations following the approah of Ref. [30℄.
We dene the unfolding time, tU , as the median duration of a trajetory that starts in the
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native state and stops when all ontats within |j − i| > lc get broken. For onsisteny
with the mehanial studies, we hoose lc = 8. The temperature dependene of tU for both
proteins is shown in Figure 8. Clearly, for any given T , it takes substantially longer to
unravel 1yh1 than either 19y or 1yh1
∗
. For instane, at kBT/ǫ=1.3 the ratio of tu between
1yh1 and 19y is about 2.
It should be noted that the mere fat that the ontats with the sequential length
larger than lc are broken does not neessarily mean that the knot itself has loosened and
beome untied. In fat, aording to our studies of thermal unfolding, the knotted proteins
unfold in two steps: rst the long-ranged ontats break and only then, at muh longer
time sales, the knot beomes undone. Thus the unfolding follows the N → UK → U
path, where N stands for the native state, UK for the unfolded knotted state and U for
the totally unfolded, unknotted state. Due to the topologial onstraints present in the
UK state, its entropy is onsiderably lower than that in U state, thus the free energy
dierene between UK and N is muh higher than that between U and N , whih leads to
the inreased stability of the native state. Similar entropy-based strategies for inreased
stabilization are found in other topologially onstrained proteins [31℄, e.g. in proteins with
irular bakbones, whih has been shown to be highly resistant to enzymati, thermal and
hemial degradation [32℄. There is also another, energy-based reason for the inreased
stability of 1yh1 and, possibly, of other knotted proteins. Namely, non-trivial topology
of a protein may lead to a more energetially favored onformational state. This is the
ase for the three proteins onsidered here: the knotted 1yh1 has the lowest native state
energy. The native state energy of 1yh1
∗
, the unknotted ounterpart of 1yh1, exeeds that
of 1yh1 by 14ǫ, whereas that of 19y is higher than 1yh1 by about 24ǫ. Thus one of the
reasons why knots may be preferred in ertain proteins is that they lead to deep native
state minima.
Apart from the higher stability of 1yh1, its longer unfolding times an also be explained
in terms of topologial frustration [23, 33℄. It arises when only a partiular order of ontat
breaking allows the protein to unfold. When this order is inorret, ertain geometrial
onstraints arise whih do not allow for unfolding, and some ontats are fored to form
bak again. Therefore a protein unfolds in a series of steps, also alled a baktraking, whih
involve refolding and unfolding. The onsequene of this geometri bias is an unusually long
unfolding time. There are obvious geometrial onstraints present in 1yh1 related to its
knotted struture, so it is likely that its unfolding is dominated by topologial frustration
and takes more time than unfolding of unknotted 19y or 1yh1
∗
. A partiular example of
baktraking, whih arises in 1yh1 is presented in detail in Appendix.
To assess the magnitude of utuations around the native state we measured P0(T )
dened as the fration of time during whih all native ontats are established for the
trajetory starting in the native onformation. This quantity an be regarded as yet
another measure of stability. However, even though P0 is alulated based on relatively
long trajetories of 105τ , this is still only a small fration of the expeted unfolding time
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in this range of temperatures. These trajetories are therefore not ergodi and probe
viinity of the native state basin. The results are shown in the inset of Figure 8: the
left panel shows the data for entire length proteins whereas the middle and right panels
are for the a and b domains, respetively. In the right inset panel for domains b (whih
ontains the knot in 1yh1) the data points orresponding to 19y are shifted towards lower
temperatures relative to 1yh1. A similar, however smaller shift towards lower temperatures
is also observed for the syntheti 1yh1
∗
. On the other hand, data points for domain a (the
middle panel) and for the whole protein (left panel) are similar. Thus dierenes in P0 are
onned to domain b and indiates a higher stability of domain b in the knotted protein.
4.1 Thermal untying of a knot in 1yh1 protein
As mentioned above, untying of the knot involves muh longer time sales than those
of long range ontat breaking. However, the unknotting times derease with inreasing
temperature. Meaningful studies ould be performed for kBT/ǫ=1.2 (and higher). We
have found that the knot opens more readily on the side loser to the C terminus, while
its N-terminus-side is more stable. This is in agreement with the results of [34℄ on the
asymmetry of (slip)knots, and the fat that they arise muh more often loser to the N-
terminus. Examples of onformations orresponding to dierent ways of thermal untying
of the knot are shown in Figure 9. For eah terminus, there are two possibilities: either
it is the last site to leave the knot or else it is a leader that pulls the rest of the knotted
loop behind it. The latter irumstane is known as a formation of a slipknot [4℄. It is
interesting to note that appliation of a high temperature has been oasionally found to
generate short lived additional (slip)knots, espeially when the native knot has disappeared.
As generally expeted and demonstrated in ref. [30℄ expliitly, the proess of thermal
unfolding is statistially reverse to folding. Thus the phenomena we observe for unfolding
should also be observed in folding proesses. This also suggests that the presene of
the non-native attrative ontats is not neessary for formation of a knot. Indeed, in a
subsequent paper we show that proteins of nontrivial topology have the ability to fold to
their native states without any non-native interations involed. Suh non-native ontats
have been vital in folding simulations of Wallin et al. [5℄. More details and partiular
examples onerning thermal untying and baktraking it may be aompanied by are
presented in Appendix.
5 Disussion and onlusions
We have onsidered three very similar proteins  one with a knot and two without 
and determined their properties by using a oarse-grained native-geometry based model.
Both mehanially and thermally, the protein with the knot has been found to be more
robust and is haraterized by longer unfolding times, whih we attribute to topologial
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and geometri frustration. The larger robustness of 1yh1 relative to 19y relates to to the
experimental results on OTCase and AOTCase pathways. The OTCase pathway shows
the two-substrate binding involving large domain movements. In this pathway, the order
in whih the substrates are bound is well dened. On the other hand in the AOTCase
pathway, the two substrates are bound independently. This proess involves small reorder-
ing of the 80's loop, small domain losure around the ative site, and a small transloation
of the 240's loop [18℄.
Other ndings an be summarized as follows: The unknotted variant of 1yh1 has been
found to behave like the unknotted 19y. Therefore we onlude that this is the nontrivial
knot topology that is responsible for the peuliar properties of 1yh1. Disulphide bridges
may imitate existene of knots to some degree. The kinetis of the knot untying and thus,
by a reversal, the kinetis of formation of the knot may involve generation of other knots
and slipknots. Aording to [15℄, the presene of the knot motif in AOTCase aets the
way the N-aetylitrulline is bound to the seond aive site and thus hanges the arginine
biosyntheti pathway. This observation an provide important information on potential
targets for spei inhibition of baterial pathogens. Suh inhibitors would not aet the
more ommon OTCase and thus provide a spei non-toxi method for ontrolling ertain
pathogens.
Taken together, these ndings show that relatively small strutural dierenes between
the proteins whih, however, alter the topology of the bakbone, result in dramati hanges
in their mehanial properties and stability. This researh reveals that there is a strong
relationships between the topologial properties and funtional features of biomoleules.
6 Materials
6.1 Coarse-grained model
The oarse-grained moleular dynamis modeling we use is desribed in detail in refs.
[11, 12, 13℄. In partiular, the native ontats between the C
α
atoms in amino aids i
and j, separated by the distane rij , are desribed by the Lennard-Jones potential VLJ =
4ǫ
[
(σij/rij)
12 − (σij/rij)
6
]
. The length parameter σij is determined pair-by-pair so that
the minimum in the potential orresponds to the native distane. The energy parameter
ǫ is taken to be uniform. As disussed in ref. [24℄, other hoies for the energy sale and
the form of the potential are either omparable or worse when tested against experimental
data on strething. Folding is usually optimal at temperature kBT/ǫ around 0.3 (kB is the
Boltzmann onstant) whih will be assumed as playing the role of an approximate room
temperature. Impliit solvent features ome through the veloity dependent damping and
Langevin thermal utuation in the fore. We onsider the overdamped situation whih
makes the harateristi time sale, τ , to be ontrolled by diusion and not by ballisti-
motion, making it of order of a ns instead of a ps. The analysis of the knot-related
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harateristis is made along the lines desribed in ref. [8℄.
6.2 KMT algorithm
We determine the sequential extension of a knot, i.e. the minimal segment of amino
aids that an be identied as a knot, by using KMT algorithm [35℄. It involves removing
the C
α
atoms, one at a time, as long as the bakbone does not interset a triangle set by
the atom under onsideration and its two immediate sequential neighbors.
Appendies
A The two proteins
In the lassial arginine biosyntheti pathway, the OTCase enzyme rst deaetylates
N-aetylornithine to the L-orinithine and then forms itrulline through arbamylation. In
the other pathway involving AOTCase, the proess is reversed: N-aetylorintine is rst
arbamylated to the N-aetyloitruline and then deatylated to the irruline.
The folding, thermal, and mehanial properties of these two proteins have not been
ompared up to now, mostly beause the struture of AOTCase has not been known until
reently and beause the presene of the knot makes experiments harder to interpret.
However, it has been determined that both substrates N-aetylitrulline (1yh1) and L-
norvaline (19y) obey Mihaelis-Menten kinetis [17℄. It has also been found [17℄ that
anity of the human OTCase to ornithine is 10 times greater than the anity of AOTCase
to N-aetyl-ornithine, while the anity for arbamyl phosphate is approximately ve times
smaller. The thermal stability was measured only for the OTCase 19y (by measuring the
temperature at whih 50% of the enzyme ativity is lost) was determined to be 56±1 oC
[36℄.
It has to be noted that there exists another member of the transarbamoylase family,
SOTCase (extrated from B. Fragilis argF', 1sj1), whih also ontains a knot. The rmsd
between two strutures, based on 280 equivalent Cα positions, is around 1.4 Å [15℄. There
are also strutures whih are similar to the human OTCase 19y like E. oli ATCase (PDB
ode 1ekx) with RMSD 1.7 Å based on 262 equivalent Cα atoms [15℄. The superpositions
of these four proteins with their substrates have been arried out in [18℄, where only slight
dierenes between orresponding pairs of the knotted and unknotted proteins were found.
We have also heked that the properties of 1js1 and 1ekx in the model are nearly idential
as those of 1yh1 and 19y, respetively. For this reason, our analysis is foused on the
1yh1 and 19y proteins.
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B Typial trajetory of a knot in 1yh1 under strething
by a onstant fore
We now analyze an example of the onstant fore pathway for 1yh1 for F > 1.9 ǫ/Å in
more detail (f. Figure 5 in the main paper and Fig. 10 below). The right end of the knot
is initially loated lose to β-strand L (248-252). The left end of the knot is loated at
the sharp turn involving gliyne (170), and it is rather hard to fore this end to leave this
turn. For this reason, when a onstant fore is applied, the right end of the knot starts to
move: as the protein bakbone is being pulled out of the loop, the sequential loation of
this end dereases. Interestingly, the derease is linear in time (the enter part in Figure 5)
and it involves motion of the right end aross several pinning enters omprising the turn
at His-237, loated between β-strand K (232-236), the small helix H2 (238-244), and the
sharp turn at Pro-210. These enters are seen as aumulations of points along the tilted
interval in Figure 5. Nonetheless, these pinning sites are weaker than the fore that holds
the left end at site 170 and hene it is only the right end that an slide. The situation
hanges when the right end reahes Gly-200 within a sharp turn at the end of a helix H1.
Interestingly, the left end is now pushed out of site 170 by the right end and it starts
to move to the left, expanding the knot region a bit and resulting in a translation of the
whole knot to the left. This translational motion stops on the left at Gly-164 at the end of
the long helix (147-164). At the same time the right end passes through a half-loop (with
a sharp and rigid turn involving prolines at 181 and 183) between β-strand G (172-177)
and helix H1 (185-199). Finally, the right end stops at site 175 and the knot beomes
fully tightened. This senario of events is onsistent with the observation of the role of the
sharp strutural turns in the dynamis of knot's ends made in ref. [8℄.
We enlose a video presentations of the strething of the two proteins, as generated
using our implementation of the Go-like model. The rst animation presents the protein
19y, and the seond  protein 1yh1. The proess of tightening of the knot in the animation
orresponds to the Figure 5 of the main text. The knotted region in 1yh1 and orresponding
region in 19y are marked in green.
C Threshold fore F ∗
We dene F ∗ as the threshold fore at whih the free energy barrier for the transition
from the native to the unfolded state vanishes and the protein begins to unfold in a downhill
manner. Unfolding is then essentially immediate, without any intermediate states ( see the
inset in Figure 7 in the main text). The fore F ∗ is analogous to that found in simulations
of ubiquitin [28℄ above whih the unfolding times are short and distributed log-normally
and below whih they are substantially longer and distributed exponentially. For fores
below F ∗, the median unfolding times follow a trend, whih in general is a superposition
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of exponential funtions [28℄. For fores above F ∗, unfolding times also derease with an
inreasing fore, but at a muh slower rate.
For 1yh1 and 19y we nd F ∗ of 3.2 and 2.5 ǫ/Å respetively, as indiated in gure 7 in
the main text by the arrows. The data shown in this gure are based on 300 trajetories
for F < 1.9ǫ/ and 100 trajetories for F > 1.9ǫ/. The relative shift in the loation of F ∗
is notable: F ∗ for the knotted 1yh1 is higher pointing to a higher stability.
D Thermal untying of the knot in the 1yh1 protein.
Fig. 9 in the main text shows the knot untying proess in a shemati way. Fig. 11
above shows the orresponding onformations in more detail, with the original position of
the knot along the bakbone marked.
E Baktraking
The proess whih involves a series of breaking and forming of the same group of on-
tats due to topologial barrier is alled baktraking [33℄,[23℄. Complete thermal unfolding
of the knotted proteins (i.e. unfolding to the trivial topology, with the knot untightened)
would not be possible without suh baktraking. An example of a baktraking due to
knot topology is untying of the protein 1yh1 from the N terminal. In this ase the knot
has to move along almost entire hain. The transloation of the knot aross the bakbone
is orrelated with refolding due to baktraking of a part of the struture, as seen in Fig.
12. The bottom panel in that gure shows the number of ontats Q in domain b during
unfolding. The top panel shows the number of ontats Q inside the domain a. In the
native state the position of the knot is stabilized by ontats G+I and I+K (in domain b).
These ontats periodially break (blak line), however until 2800τ the knot is loalized in
domain b, while in domain a all ontats keep breaking randomly. When the knot moves
to domain a at 2800τ , the periodi refolding of ontats A+E is observed (top panel).
Eventually, the knot slides o the hain through the terminus N.
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Constant veloity Constant fore
F > 1.9ǫ/Å
Order 1yh1(typial) 1yh1(rare) 1yh1
∗
(typ.) 1yh1
∗
(rare) 19y 19y(with SS) 1yh1 & 19y
1. L+M (b) L+M (b) L+M L+M L+M L+M L+M
2. A+E (a) G+L (b) G+L A+E G+L A+B G+L,I+K,G+I
3. C+D (a) G+I, H1,H2 (b) G+I,H1,H2 C+D I+K,H1,H2 A+E A+E, E+F
4. E+F (a) I+K (b) I+K E+F G+I E+F A+B
5. A+B (a) A+B (a) A+E,E+F A+B E+F G+L, G+I,H1,H2
6. G+L,I+K,H1,H2(b) A+E,C+D (a) A+E,C+D G+L,I+K,H1,H2 A+E I+K
7. G+I (b) E+F (a) A+B G+I A+B
Table 1: The order of the ontat breaking for dierent pathways
N C
G
H1
I
H2
K L M
N C
G
H1
I
H2
K L M
172
251
Figure 1: Left: the artoon representation of the unknotted 19y (top) and knotted 1yh1
(bottom) proteins. Both onsists of two β-domains, denoted as a and b. Right: domain b is
topologially trivial in 19y (top), while knotted in 1yh1 (bottom). The arrows indiating
the ative sites are arranged in suh a way that the upper (lower) arrow orresponds to
the rst (seond) ative site. The knot in the native state in 1yh1 extends between amino
aids 172 and 251 (whose loations are denoted in a shemati gure on the right).
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Figure 2: Top: Unfolding urves of fore versus protein length F (d) strethed at onstant
veloity v = 0.005 Åτ as explained in the text. The horizontal dotted line indiates a
referene of F=1.7 ǫ/Å orresponding to the hight of many of the fore peaks. It is drawn
to failitate panel-to-panel omparisons. The initial fore peaks do not relate to the a and
b domains. The remaining fore peaks are labeled 1 through 7 exept that in the middle
panel there is an extra peak between 4 and 5 orresponding to shearing of helies that are
oupled to the a domain In eah ase, the fore peak labeled as 1 arises due to shearing of
the L strand against the M strand. Table I lists whih ontats break (i.e. rij > 1.5σij) at
the remaining the remaining peaks. Bottom: Sequential movement of knot's ends during
the knot tightening proess orresponding to the trajetory shown above.
Figure 3: F (d) urves for the syntheti 1yh1* without the knot (left and enter panel).
and for the mutated 19y with the disulphide bridge (right panel). In the latter, the solid
line orresponds to ζ= 20 and the dotted line to ζ=10.
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Figure 4: The time dependene of the end-to-end distane when strething by onstant
fore for the indiated values of the fore. The left panels refer refer to the unknotted
protein and the right panels to the knotted one. Shemati pitures of the onformations
orresponding to the metastable state are displayed on the right hand side of eah panel
where the a and b domains are depited as blobs.
Figure 5: A typial trajetory of knot's end loations for strething at onstant fore.
Figure 6: The average end-to-end distane as a funtion of time for the fores indiated.
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Figure 7: The unfolding times tunf as a funtion of the fore applied. The solid fat line
(with squares) and solid ne line (with asterisks) are respetively for 1yh1 and 1yh1*, the
dotted line (with irles) for 19y. Inset: for F˜=3.2 the protein is strethed instantaneously,
without formation of any metastable states, and with small trajetory-to-trajetory vari-
ations.
Figure 8: The dependene of the median unfolding time on temperature. The solid fat line
(with squares) and solid ne line (with asterisks) are respetively for 1yh1 and 1yh1*, the
dotted line (with irles) for 19y. Inset: The temperature dependene of the probability
of preserving all the native ontats in 1yh1 and 19y.
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Figure 9: Three possible ways of thermal untying of the knot. From the left to the right:
simple from the C terminus, simple from the N terminus and through formation of a
slipknot.
sharp turn
Gly−200
Pro−210
Pro −181,183Gly−164
Figure 10: Left, a typial trajetory of knot's ends loations for strething at onstant fore.
Right: the orresponding region of the knot in 1yh1 shown in the artoon representation.
The pinning enters are indiated in the both panels.
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Figure 11: Three possible ways of thermal untying of the knot. From the left to the
right: simple from the C terminus, simple from the N terminus and through formation of a
slipknot. The yan (medium thik) line indiates the native loation of the knot, whereas
the green (thik) line in the enter and left panel shows the instantaneous position of the
knot. In the right panel, the position of the slipknot is indiated by the ombined lines of
medium and large thikness.
Figure 12: Thermal untying of the protein aompanied by baktraking. The bottom
and top panels show respetively the number of ontats Q in domains b and a during
unfolding. The blak line approximates periodi breaking of ontats G+I and I+K in the
rst phase of unfolding, when the knot is still loalized in domain b. The knot moves from
domain b to a around 2800τ , and eventually slides o the hain through the terminus N.
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